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The majority of intravital studies on brain tumor in living animal so far rely on dual color
imaging. We describe here a multiphoton imaging protocol to dynamically characterize
the interactions between six cellular components in a living mouse. We applied this
methodology to a clinically relevant glioblastoma multiforme (GBM) model designed in
reporter mice with targeted cell populations labeled by fluorescent proteins of different
colors. This model permitted us to make non-invasive longitudinal and multi-scale
observations of cell-to-cell interactions. We provide examples of such 5D (x,y,z,t,color)
images acquired on a daily basis from volumes of interest, covering most of the mouse
parietal cortex at subcellular resolution. Spectral deconvolution allowed us to accurately
separate each cell population as well as some components of the extracellular matrix.
The technique represents a powerful tool for investigating how tumor progression is
influenced by the interactions of tumor cells with host cells and the extracellular matrix
micro-environment. It will be especially valuable for evaluating neuro-oncological drug
efficacy and target specificity. The imaging protocol provided here can be easily translated
to other mouse models of neuropathologies, and should also be of fundamental interest
for investigations in other areas of systems biology.
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INTRODUCTION
Over the past decade, intravital two-photon microscopy (2PM)
(Ustione and Piston, 2011) has become a gold standard for funda-
mental and pre-clinical research on various pathologies including
cancer (Perry et al., 2012), auto-immune (Niesner et al., 2013)
and vascular (Kuijpers and Heemskerk, 2012) diseases. It has
also been applied in the field of neuroscience to study brain
(Trachtenberg et al., 2002), spinal cord neuronal and vascular
networks (Misgeld and Kerschensteiner, 2006; Dray et al., 2009;
Fenrich et al., 2012). The technique is non-invasive and imag-
ing can be repeated in the same animal. Chronic imaging thus
avoids the sacrifice of large cohorts of animals at different time
points as previously required for classical histology and immuno-
histochemistry experiments (Zhai et al., 2011; Piao et al., 2012).
Thanks to its high spatial resolution, dynamic subcellular obser-
vations can be performed in the brain of living transgenic mice
(e.g., Thy1-CFP, Feng et al., 2000). Exogenous fluorescent mark-
ers can also be used to label specific compartments such as blood
vessels through intravenous injections of Rhodamine-dextran
(Verant et al., 2008; Ricard et al., 2009). The outstanding imag-
ing depth of 2PM in scattering media permits investigators to
scan most of the subdural brain cortical layers in mice (Helmchen
and Denk, 2005; Kobat et al., 2009). In the case of brain tumors,
it offers unique means for studying the kinetics of tumor cell
infiltration/migration as well as permitting access to correlated
successive events such as vascular remodeling induced by tumor
cell proliferation. The efficacy of anti-tumor and anti-angiogenic
drugs can thus be assessed and their action mechanism clarified
(Von Baumgarten et al., 2011; Ricard et al., 2013).
The role of the tumor microenvironment has recently become
a hot topic in neuro-oncology (Charles et al., 2011; Hanahan
and Weinberg, 2011). The microenvironment includes several
populations of cells that interact directly with extracellular
matrix proteins. All these components should ideally be moni-
tored simultaneously to elucidate the key mechanisms underly-
ing tumor progression. However, current imaging protocols are
designed to study at most 3 parameters in the same intravital
imaging sessions, and are usually limited to the study of tumor
cells and vasculature only (Winkler et al., 2009; Von Baumgarten
et al., 2011). Glioblastoma multiforme (GBM) is the most aggres-
sive form of brain tumor, with poor prognosis and no curative
treatment available to date (Deangelis, 2001; Prados et al., 2004;
Ricard et al., 2012b). We have therefore developed an orthotopic
GBM murine model, consisting of the graft of fluorescently-
labeled tumor cell spheroids into the cerebral cortex of multicolor
fluorescent transgenic mice where each cell population and com-
partment of interest fluoresce in a specific color. We have subse-
quently set up dedicated 2PM and image processing protocols to
routinely observe 6 components on a daily basis in the same living
animal without side effects. We describe the complete methodol-
ogy and illustrate new dynamic information that can be obtained
at micro and macroscopic scales with imaging sessions lasting 1 h
on average. Finally, we discuss the possible implications of this
approach for pre-clinical studies.
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BIOLOGICAL METHODS
ANIMAL CARE GUIDELINES
All experimental procedures were performed in accordance
with the French legislation and in compliance with the
European Community Council Directive of November 24, 1986
(86/609/EEC) for the care and use of laboratory animals.
The research on animals was authorized by the Direction
Départementale des Services Vétérinaires des Bouches-du-Rhône
(license D-13-055-21) and approved by the National Committee
for Ethic in Animal Experimentation (Section N◦14; project
87-04122012).
CELL CULTURE
Cells from the murine GL261 GBM cell line (Newcomb and
Zagzag, 2009), were transfected with a plasmid encoding for
DsRed (pDsRed2-N1, Clontech, Mountain View, USA). Cells that
stably express DsRed were selected using Geneticin (0.5mg/ml,
Gibco) and cultured as monolayers in RPMI1640 + GlutaMAX-
1 (Gibco 61870) supplemented with 10% Fetal Calf Serum
(Thermo Scientific) and Geneticin (0.5mg/ml,Gibco). Cells were
kept at 37◦C in a 5%CO2 atmosphere. Confluent cells were plated
on Petri dishes coated with 1% soft agarose to induce spheroid
formation.
TRANSGENIC MICE
Connexin43-CFP (astrocytes Degen et al., 2012), Thy1-GFP
(neurons Feng et al., 2000) and CD11c-YFP (reactive microglia
and dendritic cells Lindquist et al., 2004) mice were crossed
to obtain the triple transgenic mouse strain, Connexin43-
CFP/Thy1-GFP/CD11c-YFP, used in our experiments.
GLIOBLASTOMA ANIMAL MODEL
The technology had been described in detail in Ricard et al.
(2013). Briefly, adult mice (>7 weeks) were anaesthetized by
an intraperitoneal injection of a mixture of Xylazine/Ketamine
(10mg/kg and 100mg/kg, respectively) and positioned on a
stereotactic frame. A 3–4mm diameter craniotomy was per-
formed on the left parietal bone. The dura-mater was incised by
a 31G needle and a 250μm spheroid of GL261-DsRed murine
GBM cells was then injected into the cerebral cortex approxi-
mately 250μm below the brain surface. A Sephadex hemi-bead
with a diameter that fit through the dura-mater opening was
inserted in the injection wound and glued using histo-compatible
acrylic glue (Cyanolit). A round glass coverslip (5mm diame-
ter) was then sealed on the adjacent bone and fixed to the skull
by dental cement. Animals were allowed to recover for 15 days
post-surgery before the first imaging session.
ANIMAL PREPARATION FOR IMAGING
Prior to each imaging session, mice were anaesthetized by
an intraperitoneal injection of a mixture of Xylazine/Ketamine
(10mg/kg and 1.0mg/kg, respectively), injected intravenously
with 100μl of a Cascade Blue conjugate dextran (70 kDa) solu-
tion (20mg/ml in phosphate saline buffer (Sigma)) and posi-
tioned on a stereotactic frame. Each imaging session, including
anesthesia induction, animal positioning and acquisition lasted
approximately 45min–1 h.
EXPERIMENTAL SETUP AND IMAGE PROCESSING
We used a Zeiss LSM 7 MP two-photon microscope home-
modified to allow animal positioning below the 20X water
immersion objective (1.0 NA) and coupled to a femtosecond
pulsed infrared tunable laser (Mai-Tai, Spectra Physics). After
two-photon excitation, epifluorescence signals were collected
and separated by dichroic mirrors and filters on 5 indepen-
dent non-descanned detectors (NDD) (Figure 1). Images were
acquired sequentially using an excitation wavelength tuned at
800 nm and then at 940 nm, and were assembled into a spec-
tral hyperstack. Gains and offsets were identical for all the
detectors, except for the red channels whose gain was slightly
reduced to compensate for the very strong expression of DsRed
in tumor cells.
Each fluorescent reporter (i = 1–5) used to selectively label a
physiological component exhibited a footprint on all detectors
(NDD1-800–NDD5-800, numbered #1 to #5 and NDD1-940 –
NDD5-940, #6 to #10). Its spectral signature on the detection
arrays was represented by a normalized vector Si = [Ci,1, . . . ,
Ci,10] whose coordinates Ci,k (k = 1–10) corresponded to the rel-
ative contribution of each detector k to the sum of intensities
measured on all detectors (in percent, Figure 2). Spectral sig-
natures were determined from regions of interest (ROIs, n = 5)
selected manually for their unambiguous and exclusive expres-
sion of one of the fluorescent labels of interest. Control intensities
measured in a ROI not containing any fluorescent object were
systematically subtracted from the signals of fluorescent ROIs in
order to correct for background signals prior to normalization.
For each fluorophore (i), the main contribution to the global flu-
orescence was identified as Ci,REFi. and the detector #REFi was
thus defined as the reference detector to outline biological objects
labeled with the fluorophore (i). Quantitative data are depicted in
Figure 2F.
Spectral deconvolution of the channel #REFi was finally
obtained by subtracting the minor contributions of all other fluo-
rophores in the channel #REFi. Corrections for each fluorophores
j were then expressed as percentages of the fluorescence intensities
measured on their respective reference detector #REFj.
After determining the spectral signature Si of the fluorophore
of interest and the signatures Sj for all other contaminating labels
in ROIs selectively labeled with one fluorophore,
Si = (Ci,1, . . . ,Ci,REFi ,Ci,10) with 1 ≤ REFi ≤ 10 and
Sj = (Cj,1, . . . ,Cj,REFj ,Cj,10) 1 ≤ REFj ≤ 10
spectral deconvolution of the whole image was obtained using the
following equation for each of its pixels:
Ii,Deconv = Ii,REF −
∑
j = i
αj · Ij,REF
where: Ii,Deconv is the spectrally unmixed image for element i.
where: Ii,REF is the reference image for element i; it displays the
strongest fluorescent signal contribution for the element i.
where: Ij,REF is the reference image for element j; it displays the
strongest fluorescent signal contribution for the element j.
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FIGURE 1 | Schematic representation of the two-photon microscopy
setup. The excitation beam is produced by a femtosecond pulsed
infrared tunable (720–1020 nm) laser (Mai-Tai, Spectra Physics). The
laser power is modulated by an Acousto-Optic Modulator (AOM). The
beam is scanned in the xy direction by galvanometric mirrors present
in the scan head of a Zeiss LMS 7 MP two-photon microscope. The
beam then passes through a LP690 dichroic mirror and is focused in
the brain of the anaesthetized animal by a 20X-1.0 NA water
immersion objective. The emitted epifluorescence is collected and
reflected by the LP690 mirror in a non-descanned mode. The
fluorescence is finally splitted and filtered using a set of dichroic
mirrors and filters and collected by a set of 5 non-descanned
detectors mounted in cascade (NDD). The characteristics of the
dichroic mirrors and filters are depicted on the scheme.
FIGURE 2 | Normalized spectral signatures of each biological element on
the non-descanned detectors array. (A–E) normalized (%) contribution of
each element on the NDDs for excitations at 800 nm (NDD1-800–NDD5-800)
and 940 nm (NDD1-940–NDD5-940). (F) Numerical values (%) used for
spectral deconvolution (red: contribution of the element of interest in its
reference NDD).
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and:
αj = Cj,REFi
Cj,REFj
where: Cj,REFi is the relative contribution of element j on the ref-
erence NDD for element i. It can be read from Sj;
where: Cj,REFj is the relative contribution of element j in its own
reference NDD. It can be read from Sj.
Spectral deconvolution was performed for the 5 fluorophores
(CFP, GFP, YFP, DsRed, cascade blue) to generate a set of five
image stacks representative of the distribution of the following
components: astrocytes, neurons, CD11c-positive cells, tumor
and vasculature. A sixth element, SHG arising from dura-mater
and peritumoral collagen, was only present in the superficial lay-
ers of the brain and was spectrally unmixed from NDD2-940
using the same approach (magenta pseudo color in Figure 4). All
spectrally unmixed individual images for each biological com-
ponent and the collagen images were finally merged together to
obtain a corrected 6-color image (blue: vasculature, cyan: astro-
cytes, green: neurons, yellow: CD11c-positive immune cells, red:
tumor, magenta: collagen). Custom-written ImageJ macros were
used to spectrally unmix the fluorescent signals.
RESULTS AND DISCUSSIONS
A set of five detectors was installed in the non-descanned posi-
tion of our 2-photon upright microscope. Filter cubes were set in
order to analyze the intensity of the emitted fluorescence in five
non-overlapping bands covering most of the visible light spec-
trum. Bands were selected to include the acknowledged emission
peak for the most classical fluorophores (Figure 1). The fluo-
rescent signal arising from the different fluorophores was then
collected on these 5 NDDs under two different excitation con-
ditions, sequentially using excitation wavelengths at 800 nm and
940 nm. The contribution of each fluorescently labeled compo-
nent on the 10 NDDs (5 from the 800 nm excitation and 5
from the 940 nm excitation) is depicted in Figure 2. It should be
noted that the background signal has to be measured on each
NDD and subtracted from the fluorophore signal acquired. The
background signal arises both from electronic and shot noise
but also from brain autofluorescence. Contribution of the aut-
ofluorescence to the fluorescence signal depends both on the
expression level of the fluorescence probe and on its relative
brightness. It is expected to be larger for thin objects whose
size is below the voxel resolution. Comparison between raw
and background subtracted images indicated that endofluores-
cence accounted for 10–15% of the reference fluorescence signal
for the dendritic processes and 7–10% for somas in our mice
(Supplementary Figure 1). The spectral signature of the back-
ground and of the fluorophores is moreover expected to vary
according to the imaging depth due to differential scattering and
absorption. Variations due to depth were limited to less than 15%
over the first 300μm below the dura (Supplementary Figure 2).
Imaging at greater depths would require measurement of the
spectral signature of used fluorophores at various depths to opti-
mize spectral unmixing. For each biological component, the
NDD recording the highest relative signal was defined as the
Reference NDD for this component: NDD2-800 for vasculature
(Cascade-Blue), NDD3-800 for astrocytes, NDD1-940 for tumor,
NDD3-940 for neurons and NDD4-940 for CD11c-positive cells.
For tumor cells, although the contribution was slightly higher in
NDD5-940 than in NDD1-940 (33.27 vs. 28.50%, Figure 2F), the
latter was preferred as it minimized the contaminations by other
fluorophores. A sixth signal corresponding to the second har-
monic generation reflected by the dura-mater and peritumoral
collagen was analyzed on detector NDD2-940.
Spectral unmixing was further improved by subtracting the
signals of contaminating fluorophores on the Reference NDD of
each biological component (see Methods). For example, the sig-
nificant contribution of astrocyte signals in the reference NDD
for vasculature (NDD2-800) was removed (arrows in Figure 3B)
as well as the contribution of neurons (arrows in Figure 3C)
in the reference NDD for CD11c-positive cells (NDD4-940).
Alternatively, deconvolution algorithms available as free ImageJ
plugins can also be applied (Joachim Walter’s Spectral Unmixing
plugin based on Zimmermann et al., 2002; Neher and Neher,
2004).
The combination of multichannel/multiexcitation 2PM and
spectral unmixing methods therefore facilitates detailed micro-
metric characterizations of the cellular processes of various cell
types. In the context of our GBM model, the fine processes of
CD11c-positive immune cells and connexin–positive astrocytes
could be independently visualized along the blood vessel walls.
This supports the viewer that the latter actively contribute to the
blood-brain-barrier formation (Abbott et al., 2006) (Figure 3D1,
arrowhead and arrow, respectively). Close apposition and interac-
tion between CD11c-positive cells and tumor cell bodies were also
highlighted inside the tumor core (Figure 3D2) consistent with
the involvement of CD11c-positive antigen presenting cells as part
of the immune response that fights against tumor progression
(Prins et al., 2011; Gabrilovich et al., 2012).
The possibility to compute orthogonal reconstructions from
XY images acquired at different depths in the brain of the anes-
thetized animal provides access to morphological information
that would be lost with classical postmortem histology tech-
niques. In our experimental conditions, the vertical branching
pattern of blood vessels (Figure 4A, right of the picture) and the
track used by apical dendrites of layer 4–5 pyramidal neurons
(Figure 4B, arrows) could both be followed reliably. Something
that is normally difficult to visualize in fixed thin serial sections.
It should be noted that acquisition parameters were set such that
the fine processes of Thy1-GFP cells (neurons) could be readily
visualized at the expense of cell bodies, which were saturated and
could therefore not be properly unmixed. Nevertheless, cell bod-
ies of neurons could be qualitatively differentiated from astrocytes
somata (Supplementary Figure 3). If required, different acqui-
sition parameters can be chosen that optimize imaging of cell
bodies rather than fine processes. The progressive infiltration
of CD11c-positive cells along the dorso-ventral axis can simi-
larly be highlighted in orthogonal images (Figures 4C,F, arrows).
Accumulation of CD11c-positive cells was pre-dominantly found
inside the tumor while relatively low numbers of these cells were
found in the surrounding brain parenchyma (Figures 4E,F). The
in-depth lateral spatial resolution deteriorates faster inside the
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FIGURE 3 | Five-color intravital two-photon imaging of glioblastoma
tumor and its dynamic environment. (A) 5-colors tile scan (3 × 3
images) of the GBM and its microenvironment; inset: macroscopic image
of the cranial window with the area covered by the tile scan (large
white square) and the area covered by a single plane acquisition (small
dotted square). (B) Image of vasculature taken from NDD2-800 before
(B1) and after (B2) spectral deconvolution; arrows: location of identified
astrocytes that are removed from the image after spectal deconvolution;
inset: zoom (100 × 100μm). (C) Image of CD11c-positive cells taken
from NDD4-940 before (C1) and after (C2) spectral deconvolution;
arrows: location of identified neurons that are removed after spectal
deconvolution; inset: zoom (100 × 100μm). Note that the background
generated by DsRed positive tumor cells is removed from the image
(D). Examples of cellular interactions at the level of their fine processes.
(D1) zoom of a CD11c-positive cell wrapping its processes around a
blood vessel (arrowhead) and of an astrocyte whose processes contact
the vessel walls as part of the blood-brain-barrier (arrow); (D2): zoom of
CD11c-positive cells surrounding tumor cells in the tumor core. (E) Same
field of view at day 20 (d20) and day 21 (d21) post-implantation; note
that astrocytes are stable (arrows) while CD11c-positive cells appear or
disappear (arrowheads). Colors: blue: vasculature, cyan: astrocytes, green:
neurons, yellow: CD11c-positive cells, red: tumor cells. Scale bars:
(A): 200μm (inset: 500μm), (B–E): 100μm. All images were taken at
150μm depth.
tumor than in surrounding healthy tissues due to the highly scat-
tering properties of the dense and structurally disorganized tumor
tissue (Figures 4A–C,E,F). A more powerful femtosecond pulsed
laser in less diffusible spectral range (Kobat et al., 2009) (few watts
and above 940 nm) aiming at efficient two-photon excitation of
red-shifted fluorophores and triphoton excitation of blue shifted
ones, might be used to overcome this limitation.
Spectral deconvolution of the signals from NDD2-940 out-
lines the superficial collagen fibers (Figures 4A–C) and reveals
their privileged orientation (Figure 4D). SHG signals from col-
lagen fibers(Cicchi et al., 2013) of the dura-mater could only be
visualized in the most superficial 50μm below the glass coverslip
(Figure 4D), due to the facts that reflected SHG signals are intrin-
sically smaller than transmitted ones. Any generated blue photons
are easily scattered and absorbed by biological tissue.
The 20X objective used for this study gave access to a field of
view of 400 × 400 microns. Larger fields of view covering sev-
eral millimeters were acquired by tiling several elementary fields
(Figure 3A). Such microscopic imaging of macroscopic fields of
view provides unique pre-clinical information about the struc-
tural heterogeneities of tumor vessels and intratumoral immune
cell distributions relatively to healthy brain regions. Because two
sets of images have to be acquired at two different excitation wave-
lengths at a 2 hz acquisition rate for 512 × 512 pixels images,
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FIGURE 4 | Distributions of six components assessed by intravital
two-photon imaging. (A–C) Orthogonal reconstructions obtained from a
stack acquired from 0 to 300μm below the glass coverslip with a
z-step of 3μm. Each YZ image shows the maximum intensity
projection over 10 microns along the X axis. (A) Note the vertical
orientation of major brain vessels; dotted lines: the levels of xy-sections
are shown in D–F. (B) Apical dendrites of neurons are visible (arrows).
(C) Astrocyte (arrowhead) and CD11c-positive cell (arrow) also visible in
F. (D–F) xy-sections taken at 45μm (D), 145μm (E), and 205μm
(F) below the glass coverslip. (D) Note the SHG signal (magenta)
corresponding to the collagen fibers at the level of the dura-mater.
(E) CD11c-positive cells have invaded the tumor but not surrounding
healthy tissues. (F) Astrocyte (arrowhead) and CD11c-positive cell
(arrow) also visible in (C). Colors: blue: vasculature, cyan: astrocytes,
green: neurons, yellow: CD11c-positive cells, magenta: SHG signal
(dura-mater), red: tumor cells. Scale bars: 100μm.
approximately 40min were required to acquire large field of view
recordings as presented in Figure 3A (9 fields of view with 3
micron z steps over 400 microns depth). The non-invasiveness
of 2PM allows for repeated imaging of the same areas in order
to study tumor progression and micro-environmental dynamics
on a daily basis. Repeated imaging of tumor burden on day 20
and day 21 post-surgery (Figure 3E), for example, revealed the
dynamic distribution of immune CD11c-positive cells (arrow-
heads) while astrocytes, in contrast did not move (arrows).
Such information is of interest given the strong influence that
the micro-environment has on GBM development (Charles et al.,
2011; Hanahan and Weinberg, 2011). Multiparametric dynamic
imaging of the tumor and its micro-environment provide unique
data that could benefit our understanding of current models of
tumor progression and identify new therapeutic targets. Whereas
dynamic monocolor imaging allowed for quantification of the
daily tumor progression rate (Figure 5A1), dual color imaging
of blood vessels and tumor cells further highlighted the influ-
ence of tumor growth on the peritumoral vessels (Figure 5A2).
In the tumor margin, the distances between vascular branches
increased over time along the vertical axis while they shrunk
along the horizontal axis (Figure 5B). These changes could result
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FIGURE 5 | Cell dynamics and deformations due to tumor growth can
be tracked over time. (A1) Tumor margin are highlighted at day 20 (d20,
white small dotted line), day 21 (d21, yellow dotted line) and day 22 (d22,
green line). Tumor expansion rates were measured at 25 ± 2μm/day. (A2)
Tumor margins at d20, d21, and d22 were overlaid on vasculature images
at day 20 and day 22. Notice the decrease of the distances between
blood vessels in the horizontal direction (in the direction of tumor growth,
horizontal double-arrow) and an increase in the vertical direction
(perpendicular to the direction of tumor growth, vertical double-arrow).
Movements between d20 and d22 are highlighted by the mismatch
between arrowheads and vessel walls (dotted line on d22). (B)
Quantification of the distance variation (μm) between blood vessels in the
horizontal direction (in the direction of tumor growth, light gray) and in the
vertical direction (perpendicular to the direction of tumor growth, dark
gray). (C) z-projection of 6 slices over 15μm in the same field of view at
day 20, day 21, and day 22 on a xyz registered image. Vascular landmarks
(blue, arrowhead), astrocytes (cyan, asterisk) and neurites (green dots,
arrow) appear stable over the observation period. (D) Quantification of the
movements (between d20 and d21, left panel and between d21 and d22,
right panel) between blood vessels (blue, n = 10 measurements), of
astrocytes relative to blood vessels (cyan, n = 50 measurements) and of
neurites relative to blood vessels (green, n = 25 measurements). (E) Same
field of view as in C (z-projection of 6 slices over 15μm) at day 20, day 21,
and day 22 on a xyz registered image showing only the CD11c (yellow),
blood vessels (blue) and tumor (red) channels for the sake of clarity. Note
the dynamics of one CD11c-positive cell identified by an arrow. (F)
Frequency distribution of the distances to peritumoral CD11c-positive cell
somas relative to a reference vascular landmark (arrowhead in E) at day
20, day 21, and day 22. Colors: blue: vasculature, cyan: astrocytes, green:
neurons, yellow: CD11c-positive cells, red: tumor cells. Scale bars: 50μm.
either from vascular remodeling as observed in peritumoral areas
for other tumor models (Ricard et al., 2013), or from the com-
pression exerted by the expanding tumor onto the tissue. To
discriminate between the two hypotheses, we here used infor-
mation from the color channels corresponding to astrocytes and
neurons. The displacements of identified astrocytes or neurons
relative to identified vessel branches exhibited amplitudes sim-
ilar to the movements of the vessels themselves (Figure 5D) as
expected from a global deformation of all the cellular compo-
nents. Over 3 days, deformation was restricted to a few microns
in amplitude, indicating that the tumor barely influenced the
structure of the parenchyma beyond 50 microns away from its
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invasive margin (Figure 5C). Inflammatory cells represented the
most dynamic features of the pathological brain as illustrated by
their quickly changing densities and the distribution patterns of
yellow Cd11c(+) cells (Figure 5F) inside stable neuroglial and
vascular meshworks (Figures 5C,E).
Since this approach can be adapted to study other cell popu-
lations or cell interactions with extracellular matrix components
using relevant strains of transgenic fluorescent animals, we believe
that our setup, protocol and animal model open new perspectives
in the field of neuro-oncology. Generally speaking, the multiexci-
tation multicolor approach described here can be applied to study
many pathologies including spinal cord lesion (Fenrich et al.,
2012) but also diseases of other organs such as intestines (Ricard
et al., 2012a; Zhuo et al., 2012), liver (Honda et al., 2013) or lungs
(Fiole et al., 2012). Importantly, this multiplexed approach should
prove valuable for pharmaceutical research since the effect of can-
didate therapeutical molecules can be simultaneously assessed in
vivo, on several cellular targets. In addition to a reduction in
the use of experimental animals, the current methods provide a
powerful tool for studying drug specificity and the optimal time
windows for treatment.
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Supplementary Figure 1 | Astrocytes soma and process spectral
signatures. Normalized (%) contribution of astrocytes soma (top panel)
and process (middle panel) on the NDDs for excitations at 800 nm
(NDD1-800–NDD5-800) and 940 nm (NDD1-940–NDD5-940) without (left)
and with (right) background subtraction. All measurements were
performed at 100μm below the dura-mater. Measurements were realized
on 5 different ROI and error bars are s.e.m.
Supplementary Figure 2 | Astrocytes spectral signature at 50, 150, and
250μm below the dura-mater. (A) Normalized (%) contribution of
astrocytes on the NDDs for excitations at 800nm (NDD1-800–NDD5-800)
and 940 nm (NDD1-940–NDD5-940) at 50, 150, and 250μm below the
dura-mater without (top panel) and with (bottom panel) background
subtraction. (B) Measurements were realized on 5 different ROI and error
bars are s.e.m.
Supplementary Figure 3 | Neuron and astrocytes somas after spectral
unmixing. Maximum intensity projection of 5 images with a z-space of
3μm acquired at 200μm below the dura-mater. Spectral unmixing was
performed with the parameters presented in Figure 2. Acquisition
parameters were set to highlight the fine neuritic processes which hence
led to a saturation of the neuron soma. Nevertheless cell bodies from
neuron (arrow) and astrocytes (arrowheads) can be easily discriminated
after spectral unmixing. Colors: blue: vasculature, cyan: astrocytes, green:
neurons. Scale bar: 100μm.
REFERENCES
Abbott, N. J., Ronnback, L., and Hansson, E. (2006). Astrocyte-endothelial
interactions at the blood brain barrier. Nat. Rev. Neurosci. 7, 41–53. doi:
10.1038/nrn1824
Charles, N. A., Holland, E. C., Gilbertson, R., Glass, R., and Kettenmann,
H. (2011). The brain tumor microenvironment. Glia 59, 1169–1180. doi:
10.1002/glia.21136
Cicchi, R., Vogler, N., Kapsokalyvas, D., Dietzek, B., Popp, J., and Pavone,
F. S. (2013). From molecular structure to tissue architecture: collagen
organization probed by SHG microscopy. J. Biophotonics 6, 129–142. doi:
10.1002/jbio.201200092
Deangelis, L. M. (2001). Brain tumors. N. Engl. J. Med. 344, 114–123. doi:
10.1056/NEJM200101113440207
Degen, J., Dublin, P., Zhang, J., Dobrowolski, R., Jokwitz, M., Karram, K., et al.
(2012). Dual reporter approaches for identification of Cre efficacy and astrocyte
heterogeneity. FASEB J. 26, 4576–4583. doi: 10.1096/fj.12-207183
Dray, C., Rougon, G., and Debarbieux, F. (2009). Quantitative analysis by
in vivo imaging of the dynamics of vascular and axonal networks in
injured mouse spinal cord. Proc. Natl. Acad. Sci. U.S.A. 106, 9459–9464. doi:
10.1073/pnas.0900222106
Feng, G., Mellor, R. H., Bernstein, M., Keller-Peck, C., Nguyen, Q. T., Wallace, M.,
et al. (2000). Imaging neuronal subsets in transgenic mice expressing multi-
ple spectral variants of GFP. Neuron 28, 41–51. doi: 10.1016/S0896-6273(00)
00084-2
Fenrich, K. K., Weber, P., Hocine, M., Zalc, M., Rougon, G., and Debarbieux, F.
(2012). Long-term in vivo imaging of normal and pathological mouse spinal
cord with subcellular resolution using implanted glass windows. J. Physiol. 590,
3665–3675. doi: 10.1113/jphysiol.2012.230532
Fiole, D., Douady, J., Vial, J. C., Quesnel-Hellmann, A., and Tournier, J. N. (2012).
Dynamics of rapid spore capture by dendritic cells in the lung alveolus. Am. J.
Respir. Crit. Care Med. 186, e2–e3. doi: 10.1164/rccm.201110-1782IM
Gabrilovich, D. I., Ostrand-Rosenberg, S., and Bronte, V. (2012). Coordinated
regulation of myeloid cells by tumours. Nat. Rev. Immunol. 12, 253–268. doi:
10.1038/nri3175
Hanahan, D., andWeinberg, R. A. (2011). Hallmarks of cancer: the next generation.
Cell 144, 646–674. doi: 10.1016/j.cell.2011.02.013
Helmchen, F., and Denk, W. (2005). Deep tissue two-photon microscopy. Nat.
Methods 2, 932–940. doi: 10.1038/nmeth818
Honda, M., Takeichi, T., Asonuma, K., Tanaka, K., Kusunoki, M., and
Inomata, Y. (2013). Intravital imaging of neutrophil recruitment in hep-
atic ischemia-reperfusion injury in mice. Transplantation 95, 551–558. doi:
10.1097/TP.0b013e31827d62b5
Kobat, D., Durst, M. E., Nishimura, N., Wong, A. W., Schaffer, C. B., and Xu, C.
(2009). Deep tissue multiphoton microscopy using longer wavelength excita-
tion. Opt. Express 17, 13354–13364. doi: 10.1364/OE.17.013354
Kuijpers, M. J., and Heemskerk, J. W. (2012). Intravital imaging of thrombus
formation in small and large mouse arteries: experimentally induced vascu-
lar damage and plaque rupture in vivo. Methods Mol. Biol. 788, 3–19. doi:
10.1007/978-1-61779-307-3_1
Lindquist, R. L., Shakhar, G., Dudziak, D., Wardemann, H., Eisenreich, T., Dustin,
M. L., et al. (2004). Visualizing dendritic cell networks in vivo. Nat. Immunol. 5,
1243–1250. doi: 10.1038/ni1139
Frontiers in Cellular Neuroscience www.frontiersin.org February 2014 | Volume 8 | Article 57 | 8
Ricard and Debarbieux Six-color intravital two-photon imaging
Misgeld, T., and Kerschensteiner, M. (2006). In vivo imaging of the diseased nervous
system. Nat. Rev. Neurosci. 7, 449–463. doi: 10.1038/nrn1905
Neher, R., and Neher, E. (2004). Optimizing imaging parameters for the sepa-
ration of multiple labels in a fluorescence image. J. Microsc. 213, 46–62. doi:
10.1111/j.1365-2818.2004.01262.x
Newcomb, E., and Zagzag, D. (2009). “The murine GL261 glioma experimental
model to assess novel brain tumor treatments,” in CNS Cancer, Cancer Drug
Discovery and Development, ed E. G. V. Meir (New York, NY: Humana Press),
227–241.
Niesner, R., Siffrin, V., and Zipp, F. (2013). Two-photon imaging of immune
cells in neural tissue. Cold Spring Harb. Protoc. 2013, 224–230. doi:
10.1101/pdb.prot073528
Perry, S. W., Burke, R. M., and Brown, E. B. (2012). Two-photon and second har-
monic microscopy in clinical and translational cancer research. Ann. Biomed.
Eng. 40, 277–291. doi: 10.1007/s10439-012-0512-9
Piao, Y., Liang, J., Holmes, L., Zurita, A. J., Henry, V., Heymach, J. V., et al.
(2012). Glioblastoma resistance to anti-VEGF therapy is associated with
myeloid cell infiltration, stem cell accumulation, and a mesenchymal pheno-
type. Neurooncology 14, 1379–1392. doi: 10.1093/neuonc/nos158
Prados, M. D., Seiferheld, W., Sandler, H. M., Buckner, J. C., Phillips, T., Schultz,
C., et al. (2004). Phase III randomized study of radiotherapy plus procarbazine,
lomustine, and vincristine with or without BUdR for treatment of anaplastic
astrocytoma: final report of RTOG 9404. Int. J. Radiat. Oncol. Biol. Phys. 58,
1147–1152. doi: 10.1016/j.ijrobp.2003.08.024
Prins, R. M., Soto, H., Konkankit, V., Odesa, S. K., Eskin, A., Yong, W. H., et al.
(2011). Gene expression profile correlates with T-cell infiltration and relative
survival in glioblastoma patients vaccinated with dendritic cell immunotherapy.
Clin. Cancer Res. 17, 1603–1615. doi: 10.1158/1078-0432.CCR-10-2563
Ricard, C., Fernandez, M., Gastaldo, J., Dupin, L., Somveille, L., Farion, R.,
et al. (2009). Short-term effects of synchrotron irradiation on vasculature
and tissue in healthy mouse brain. J. Synchrotron Radiat. 16, 477–483. doi:
10.1107/S0909049509015428
Ricard, C., Stanchi, F., Rodriguez, T., Amoureux, M. C., Rougon, G., and
Debarbieux, F. (2013). Dynamic quantitative intravital imaging of glioblastoma
progression reveals a lack of correlation between tumor growth and blood vessel
density. PLoS ONE 8:e72655. doi: 10.1371/journal.pone.0072655
Ricard, C., Vacca, B., and Weber, P. (2012a). Three-dimensional imaging of small
intestine morphology using non-linear optical microscopy and endogenous
signals. J. Anat. 221, 279–283. doi: 10.1111/j.1469-7580.2012.01529.x
Ricard, D., Idbaih, A., Ducray, F., Lahutte, M., Hoang-Xuan, K., and Delattre,
J. Y. (2012b). Primary brain tumours in adults. Lancet 379, 1984–1996. doi:
10.1016/S0140-6736(11)61346-9
Trachtenberg, J. T., Chen, B. E., Knott, G. W., Feng, G., Sanes, J. R., Welker, E.,
et al. (2002). Long-term in vivo imaging of experience-dependentsynaptic
plasticity in adult cortex. Nature 420, 788–794. doi: 10.1038/nature
01273
Ustione, A., and Piston, D. W. (2011). A simple introduction to multipho-
ton microscopy. J. Microsc. 243, 221–226. doi: 10.1111/j.1365-2818.2011.
03532.x
Verant, P., Serduc, R., Van Der Sanden, B., Chantal, R., Ricard, C., Coles, J.
A., et al. (2008). Subtraction method for intravital two-photon microscopy:
intraparenchymal imaging and quantification of extravasation in mouse brain
cortex. J. Biomed. Opt. 13, 011002. doi: 10.1117/1.2870083
Von Baumgarten, L., Brucker, D., Tirniceru, A., Kienast, Y., Grau, S., Burgold,
S., et al. (2011). Bevacizumab has differential and dose-dependent effects on
glioma blood vessels and tumor cells. Clin. Cancer Res. 17, 6192–6205. doi:
10.1158/1078-0432.CCR-10-1868
Winkler, F., Kienast, Y., Fuhrmann, M., Von Baumgarten, L., Burgold, S.,
Mitteregger, G., et al. (2009). Imaging glioma cell invasion in vivo reveals mech-
anisms of dissemination and peritumoral angiogenesis.Glia 57, 1306–1315. doi:
10.1002/glia.20850
Zhai, H., Heppner, F. L., and Tsirka, S. E. (2011). Microglia/macrophages promote
glioma progression. Glia 59, 472–485. doi: 10.1002/glia.21117
Zhuo, S. M., Wu, G. Z., Chen, J. X., Zhu, X. Q., and Xie, S. S. (2012). Label-
free imaging of goblet cells as a marker for differentiating colonic polyps by
multiphoton microscopy. Laser Phys. Lett. 9, 465–468. doi: 10.7452/lapl.2012
10006
Zimmermann, T., Rietdorf, J., Girod, A., Georget, V., and Pepperkok, R. (2002).
Spectral imaging and linear un-mixing enables improved FRET efficiency with
a novel GFP2-YFP FRET pair. FEBS Lett. 531, 245–249. doi: 10.1016/S0014-
5793(02)03508-1
Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.
Received: 23 October 2013; accepted: 06 February 2014; published online: 24 February
2014.
Citation: Ricard C and Debarbieux FC (2014) Six-color intravital two-photon imag-
ing of brain tumors and their dynamic microenvironment. Front. Cell. Neurosci. 8:57.
doi: 10.3389/fncel.2014.00057
This article was submitted to the journal Frontiers in Cellular Neuroscience.
Copyright © 2014 Ricard and Debarbieux. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use, dis-
tribution or reproduction in other forums is permitted, provided the original author(s)
or licensor are credited and that the original publication in this journal is cited, in
accordance with accepted academic practice. No use, distribution or reproduction is
permitted which does not comply with these terms.
Frontiers in Cellular Neuroscience www.frontiersin.org February 2014 | Volume 8 | Article 57 | 9
